Abstract: Topological metal/semimetals (TMs) have emerged as a new frontier in the field of quantum materials. A few two-dimensional (2D) boron sheets have been suggested as Dirac materials, however, to date TMs made of three-dimensional (3D) boron structures have not been found. Herein, by means of systematic first principles computations, we discovered that a rather stable 3D boron allotrope, namely 3D-' boron, is a nodal-chain semimetal. In the momentum space, six nodal lines and rings contact each other and form a novel spindle nodal chain. This 3D-' boron can be formed by stacking 2D wiggle ' boron sheets, which are also nodal-ring semimetals. In addition, our chemical bond analysis revealed that the topological properties of the 3D and 2D boron structures are related to the  bonds between boron atoms, however, the bonding characteristics are different from those in the 2D and 3D carbon structures. Herein, by systematic density functional theory (DFT) computations, we propose a 3D boron structure, named as 3D-boron (Figure 1a ), which can be viewed as a stacking structure of wiggle boron sheets ( Figure 1c ). The new 3D boron allotrope inherits not only the good stability of boron sheets, but also the bonding characteristics and topological properties of wiggle boron sheets. Interestingly, different from most boron structures, the electronic properties of both 3D-boron and the 2D wiggle boron sheet are dominated by  bonds. The wiggle boron sheet is a nodal-ring semimetal, while the 3D-boron has a spindle nodal chain consisting of six nodal lines and rings because of the interactions between the wiggle sheets. In addition, the  bonds in the structures are confirmed by chemical bonding analysis, and the origination of topological properties is clarified by a tight-binding model based on the  bonds.
while in the TMs with 2D nodal surfaces, diverse surfaces induced by band crossings are found, 26 such as plane and sphere, 27 and topological characteristics of the BZ have been clearly divided by the surfaces. These topological elements not only create new topological classifications, but also generate various surface states and electron/hole pockets, [28] [29] [30] [31] leading to various exotic electronic, optical, magnetic and superconducting transport properties.
32-34
On the other hand, boron materials have risen to be star materials recently, and great progresses have been achieved on the experimental syntheses. [35] [36] [37] Theoretically, many 2D boron sheets have been proposed, such as / - 38, 39 , - 40, 41 , -and χ-boron 42 sheets. What most famous are honeycomb borophene 43 , triangular borophene 44 , β12 and χ3 boron sheets 45 , which have been B28, 51 and -B12 52 . -Ga boron phase is expected to be a poor metal exhibiting superconductivity on cooling. -B28 boron is a semiconductor and a high-pressure phase, whose structure resembles a NaCl, with the B12 icosahedra and B2 pairs playing the roles of 'anions' and 'cations', respectively. -B12 boron phase is also a semiconductor, formed by the interconnection of the icosahedral B12 clusters. It is found that these three 3D boron phases can transit each other under high pressure. The -B12 to -B28 phase transformations occur at 19 GPa, and -B28 to -Ga phase transformations occur at 89 GPa. 51 In all these boron allotropes, their electron deficient atoms tend to form multiple center bonds, 35 and thus their electronic properties are complicated. 53, 54 For example, the electronic properties of carbon sheets are heavily dominated only by pz orbital, 55 in contrast, in most boron sheets the energy bands around the Fermi level are attributed by all p orbitals 56 . Therefore, some interesting electronic properties, especially topological properties, are harder to be found in boron structures. To date, diverse topological phases, such as Dirac point, 57 Weyl point, 58 nodal line, [59] [60] [61] and nexus network, 62 have been found in 2D and 3D carbon materials. In stark contrast, though a few 2D boron sheets were suggested as Dirac materials, [63] [64] [65] [66] all the known 3D boron allotropes so far (experimentally available or theoretically predicted) are insulators (semiconductors) or metals, 48, 49, 51 and none of them is a topological material.
Herein, by systematic density functional theory (DFT) computations, we propose a 3D boron structure, named as 3D-boron (Figure 1a ), which can be viewed as a stacking structure All the DFT computations were performed by using Vienna ab initio simulation program package (VASP). 67 The Perdew-Burke-Ernzerhof (PBE) functional 68 was employed for the exchange-correlation term according to generalized gradient approximation (GGA). The projector augmented wave (PAW) method 69 was used to represent the ion-electron interaction, by the conjugate gradient method, the energy and force convergence criteria were set to be 10 The key structural parameters and properties of 3D-boron is presented in Table 1 , the corresponding data for single-layer sheet, sheet and the three experimentally known 3D boron allotropes are also provided for comparison (the atomic structures of -B12, -B28, andGa can be seen in Fig. S2 ). Because of its porous structural feature, 3D-boron has smaller bulk modulus (166.16 GPa) than other 3D boron allotropes (ca. 237~264 GPa), and its density (1.78 g/cm 3 ) is also smaller than others (ca. 2.48~2.81 g/cm 3 ). Analyzing the computed cohesive energies (Ecoh) showed that 3D-boron is a metastable allotrope, since its Ecoh value (-6.33 eV/atom) is nearly approaching that of -Ga (-6.41 eV/atom), but is ca. 0.3 eV/atom less favorable than those of -B28 and -B12. 51 Nevertheless, 3D-boron is dynamically stable, as evidenced by the absence of soft modes in the entire BZ of the computed phonon dispersions ( Figure S3 ) Figure 5b ). Therefore, 2D BH-sheet is a 2D topological nodal-ring semimetal, and the nodal ring is protected by the glide plane ky = 0. By comparing the topological elements and structural symmetries of 3D-boron and its wiggle sheets, we can find that the orange nodal ring in the 3D boron is inherited from the nodal ring in the 2D sheet. Although the newly predicted metastable 3D-boron has not yet been synthesized, we are rather optimistic about its experimental realization, considering its kinetic stability and the fact that a rich number of metastable boron allotropes, including honeycomb borophene, triangular borophene, β12 and χ3 boron sheets, have already been experimentally fabricated. To fabricate the 3D-boron, two possible routes based on the unit of boron sheets ( Figure S7 ) could be considered: (1) Compressing the boron sheets: in this approach, the boron sheets are first stacked to a 3D layered structure, then a compressive strain is applied on the plane of boron sheets. The strong interactions between wiggle sheets could form linkages between layers and thus result in the bulk. Note that this method has been used to prepare the 3D carbon networks from graphene. 77 (2) Dehydrogenation of the stacked 2D BH-sheets: in this process, the 2D BHsheets are stacked, and the dehydrogenation reaction leads to the formation of 3D-boron.
In conclusion, a 3D boron allotrope, namely 3D-boron, is proposed, and its topological properties are carefully studied. The 3D boron structure consists of 2D wiggle   boron sheets.
The 2D boron sheet is a nodal-ring semimetal and its electronic properties are attributed by bonds. 3D-boron inherits the bonding characteristics of the 2D sheet and exhibits interesting topological phase: in the momentum space, six nodal lines and rings intersect each other and form a novel spindle nodal chain.
/ boron sheets can be considered as basic building blocks analogous to graphene to construct 3D structures, 35, 47 one can expect that many 3D boron networks like graphene networks 8, 58, [60] [61] [62] can be obtained. These boron networks may exhibit more diverse topological phases because of their rich bonding chemistry. Therefore, our work not only greatly enriches the renown boron family, but also help pave the way to explore exotic topological properties of more 3D boron structures.
